Introduction
Remote control is one of the best solutions for managing inaccessible systems. Many researches have been made in the field of the remote control [1] [2] [3] [4] . These researches have improved certain aspects of industry, medicine, military, etc. The benefits of remote control are numerous such as: operating in hazard environment, telemedicine, missile guidance, etc. The most important characteristic of remote control is operating in real-time as shown in papers form references [5] [6] [7] .
Many applications in the field of medicine and industry use different kind of motor-based systems especially stepper motors because of their wide-range of sufficient characteristics like the fact that they can be used as constant power devices with accurate positioning and fast response [8] [9] [10] [11] [12] .
In today's society, robots are used in various areas especially in those where high precision is required. Some of the examples where robotic arms found their appliance are: in vehicle construction where efficiency and reliability are required, in chemical industry where environment is not suitable for human, in medicine where robotic arm precision is used in operations, etc [13] . Robots have improved life standards and we are upgrading their performances in order to make our lives easier and more comfortable.
This chapter describes implementation of the proposed remote control of the stepper motor and robotic arm with five DOF via web server and VNC server [14, 15] . VNC server was used to receive visual feedback from robotic arm. The quality of image was important and it couldn't be sent via MATLAB server because real time characteristic would be lost. The decision to use microcontroller was based on its characteristics. Developing such system is cheaper than developing on other platforms such as PLC or FPGA.
The realized system exhibits the following:
1. implementation based on PIC16F877a microcontroller, 2. adjustment a. of the velocity, number of steps and rotation direction of the stepper motor, b. of the rotation direction of the DC motors inside each joint of the robotic arm 3. precise control over RS-232 serial communication, 4. extension to remote control the whole system, 5. feedback a. data acquisition and transmission to confirm the proper operation of the stepper motor b. visual feedback and contact sensors to confirm the proper operation of the robotic arm 6. realized GUI.
Both systems consist of all previously mentioned characteristics, where character 'a)' refers to stepper motor and character 'b)' to robotic arm.
This chapter is structured as follows: In section 2. whole data analysis of the realization of the system in accordance with previously specified requirements is described. Section 3. provides hardware description that was realized manually. Section 4. explains hardware programming.
Problem analysis
The problem of realizied systems that remotely control stepper motor and robotic arm can be divided into several interconnected units, as it will be described in the following text and shown on Figure 1 . and Figure 2 . To understand the problem and its solution, a brief description of each part will be provided in the rest of this section.
a. Control via microcontroller
The Microchip microcontroller PIC16F877a © generates impulses on four pins that are used to stimulate the movement of the stepper motor gear as shown in Figure 2 . Stepper motor consists of multiple "toothed" electromagnets ranged around a coil of iron. Those electromagnets need to be stimulated by some kind of external control unit, in our case a microcontroller. The microcontroller provides electrical impulses which stimulate the gear's teeth to magnetically be attracted to electromagnet's teeth. When the gear's teeth are thus aligned to the first electromagnet, they are slightly offset from the next electromagnet. When the next electromagnet is turned on and the first is turned off, the gear rotates slightly to align with the next one, and from there the process is repeated. Each of those slight rotations is called a "step," with an integer number of steps making a full rotation. In that way, the motor can be turned by a precise angle [16] .
The impulses (U1÷U4) and response on Figure 2 . show the movement of the stepper in one direction by four steps. Each step corresponds with one triggering impulse. For every degree of freedom (DOF) two pins of microcontroller and two relays are assigned (pins RD0 and RD1 for base, RD2 and RD3 for shoulder, RD4 and RD5 for elbow, RD6 and RD7 for wrist and RC0 and RC1 for fist).
Depending on the state of two pins, there are four situations:
if both pins are low, two relays controlled by them are open and motor of the appropriate DOF is not running, -if one pin is high and another is low, current flows in one direction and motor is running in appropriate direction, -for opposite state of pins, motor is running in opposite direction, -'forbidden combination' is when both pins are high, because then both relays are active and source is short circuited. 
b. Control via RS-232
In this chapter, the advantages of a microcontroller were used to establish a communication with the server PC. The used communication is the serial communication RS-232. Serial communication is the most common low-level protocol for communicating between two or more devices [17, 18] . Texas Instruments' MAX232 is used to make adjustment between microcontroller's TTL logic level (5V÷0V) and logic level for RS232 standard (-12V÷12V). An example of the conversion is shown in Figure 4 .
The communication was established through MATLAB using three m-files. One m-file was written to create serial port object and to configure its properties. The communication between the server PC and the microcontroller is realized by using second m-function called "send". It has five input arguments: send(s1, message1, message2, message3, message4). The first input argument is the name of a created serial port object. c. Remote control via web server
Because MATLAB was used to send control commands to the microcontroller, an additional toolbox called TCP/UDP/IP was installed. This toolbox establishes a connection between two computers (server and client) using the TCP/IP protocol as shown in Figure 5 . One of the computers is used as the server, while the other one is used as a client. The web server is established on the server computer. All commands that control the stepper and robotic arm are sent from the client computer. On the other hand, all feedback needed for acknowledgment of the proper remote control, i.e. did the stepper reached the desired velocity or did robotic arm reached assigned position, is send from the server to the client via established connection. All that was needed to establish a connection was provided in the additional toolbox using the created m-files such as pnet, pnet_putvar and pnet_getvar. Using the pnet m-file a handler called 'con' was created. This handler was used in combination with m-files pnet_putvar and pnet_getvar to send the necessary data to the connection and to collect that data from connection respectively. To access the visual information of the robotic arm acquired by the camera, VNC server was used. The camera is connected to the server computer and by using VNC server we can gain access to the server from a remote desktop.
Two m-files were created (for host and client) using previously mentioned m-files. The required toolbox can be found in the references along with all explanations for each m-file [19] . Figure 6 . shows detailed hardware structure of the implemented distributed systems. It is a product of fully independent work. Production implied the implementation of the entire hardware circuit and construction of work algorithm. The structure consists of a microcontroller and controlling elements for both systems.
Hardware structure
The stepper motor system is operated with commands from host PC which are sent through serial connection. Microcontroller interpretates those commands and generates trigger impulses on PORT D. These impulses are sent to unipolar transistors which are combined to form a power amplifier. This power amplifier is directly connected to the step motor. The step motor has an encoder disc mounted to its shaft. The encoder recognizes alterations from encoder disc and sends them as impulses to the analog input on PIC. These impulses are used to determine proper work of the stepper motor. Figure 7 . shows the most important components used in this hardware realization.
The robotic arm, shown in Figure 3 ., has five degrees of freedom modeled after the human arm. The controlling element consists of ten relays (Figure 8 .), all assembled in accordance with scheme on Figure 9 . The operating princip of the relay is simple. When current flows between pins X and Y, it leads to the creation of a magentic field. The influence of the magnetic field causes a change in the position of the switch inside the relay. Control signals from microcontroller are sent to the controlling element. Those control signals need to enable the flow of current which is necessary to trigger the DC motors placed inside the joints of the robotic arm. The system is operated from the client's computer GUI. The commands from server are sent through serial connection. Microcontroller interpretates those commands and generates the control signals. These signals are sent to the controlling element made of relays. The controlling element is directly connected to the robotic arm. The proper work of the robotic arm is monitored via camera. There are also contact sensors on each joint of the arm used to prevent movements that could cause a malfunction. Those signals are transmitted back to the microcontroller and, in the case of a possible malfunction, the movement of the affected joint will be stopped immediately. Figure 9 . shows the individual parts of the realized structure and Figure 10 . shows the final structure. [20]. The user chooses mode of operation, desired direction of rotation, velocity and number of steps using GUI. That information is collected into four 8-bits values and sent to server PC via ETHERNET. Server PC forwards those messages to microcontroller using RS-232.
Microcontroller analyses received messages and sets/resets appropriate bits according to chosen mode, direction, velocity and number of steps. In the main program, if START bit is set, microcontroller generates appropriate sequence of triggering impulses based on chosen direction and velocity. The width of one impulse is given by:
Timer1 is set to appropriate value so it overflows every 100 ms and an interrupt is generated. In Timer1 Interrupt Service Routine microcontroller sends number of steps made in last 100 ms to server PC via RS-232. Timer0 is used as counter. Output of encoder is led to pin RA4/T0CKI. Timer0 increments on every step. Client PC uses received information about number of steps made, calculate the velocity and shows it in GUI (Figure 11. ). How hardware is programmed for stepper motor is shown on Figure 12 .
b. Robotic arm After making the hardware, the next step was to program the circuit itself. The code is written in MPLAB IDE v7.5 [21] . Figure 13 . shows how hardware is programmed.
To establish communication via ETHERNET, Real VNC program [22] and MATLAB Server are used. Real VNC program is used to obtain visual feedback by camera, and MATLAB Server is used for transmission of control messages from client PC to server PC. VNC Server was installed on server PC (PC connected to realized hardware structure), while VNC Viewer was used by client PC. By running the VNC Viewer and entering IP address of server PC, connection between two computers is established. When user chose degree of freedom and direction of movement, function from MATLAB is called. This function codes user's requirement into a short message which is sent to server and then to microcontroller via RS-232. Depending on the content of received message, microcontroller generates appropriate value to the PORT C or PORTD which is described in subchapter 2. section A.
Using the GUI (Figure 14 .) the user chooses degree of freedom to manipulate with and the direction of movement. The user monitor movement of robot arm by camera. Beside this visual feedback, for every DOF contact micro-sensor is implemented to avoid possible damage of the arm. When DOF reaches its final position, the micro-sensor becomes active and further movement is stopped.
Testing results
The effectiveness of a stepper motor is rated by the response of a single phase to the provided trigger impulse. The experimental results obtained by applying one impulse are shown on Figure 15 ., Figure 17 . and Figure 19 . The responses to certain defined velocities are shown on Figure 16 ., Figure 18 . and Figure 20 .
The responses are almost instant as shown on Figure 15 ., Figure 17 . and Figure 19 . The small deviation is the result of mechanical characteristics of stepper motor. The noise seen in those figures is caused by imperfection of the encoder and its disc. The response signal collected from encoder is raised by 0.5 (V) because of the encoder's saturation, which represents a nonlinear acting. 
Conclusion
This paper presented the design of a remotely controlled stepper motor and robotic arm via web server. Operating algorithms and GUI were realized for both systems. Through the GUI for the stepper motor user can operate the motor in two modes: velocity and positional. The feedback received from the encoder is sent through the established connection from server to the client. Experimental results demonstrate the effectiveness of the remotely controlled stepper motor. Using the GUI for the robotic arm, user can operate each joint of robotic arm separately. The feedback received from the camera is sent through the established connection from server to the client. Experimental results are not shown in this paper, because as stated before, this model of robotic arm does not possess encoders. That is the reason why camera was used as visual feedback. The system operates in real time and visual feedback provides us information about current state of robotic arm. System is based on microcontroller and its development is not expensive, unlike the systems which are based on other technologies i.e. PLC. These systems are used in environments which are dangerous for humans.
